[1] Ensemble numerical simulations are performed using an atmospheric general circulation model to study the responses of the atmosphere to volcanic aerosol forcing and sea surface temperature (SST) forcing during the two years following the Pinatubo eruption. The simulated surface air temperature (SAT) anomalies, forced respectively and jointly by the Pinatubo aerosol and the observed SST anomalies, are compared to those derived from observations using a singular value decomposition (SVD) model. The simulated land SAT anomalies, forced only by the observed SST anomalies, match well in magnitude and time the leading mode of SAT anomalies from the SVD analysis, which represents the ENSO-forced SAT variations. When forced by both the Pinatubo aerosol and the observed SST anomalies, the model captures the observed surface cooling over land in June -July -August and September -October -November 1992 but misses the surface warming over northern Eurasia in December -January-February (DJF) 1991 -1992 and DJF 1992. In the atmosphere the simulated temperature anomalies in the troposphere (stratosphere) forced by the Pinatubo aerosol are sensitive (insensitive) to the initial conditions and the type of prescribed SST. The signal of SST forcing is stronger in the troposphere and near the surface than in the stratosphere, while the signal of the Pinatubo aerosol forcing is strongest in the lower stratosphere. The simulated global-mean stratospheric temperature anomalies induced by the Pinatubo aerosol are generally 1°C to 1.5°C larger than observed. Empirical data analyses and numerical model simulations showed that this discrepancy is explained in part by the influences of the quasi-biennial oscillation and the observed ozone depletion, which the ensemble numerical simulations did not resolve.
Introduction
[2] The impact of volcanic eruptions on the Earth-atmosphere system is multifold. In general, during a volcanic eruption a large amount of SO 2 injected into the stratosphere is converted into H 2 SO 4 vapor by OH oxidation. Saturated H 2 SO 4 vapor condenses to form aerosol particles (H 2 SO 4 /H 2 O solution). These aerosol particles interact with other aerosol particles in the stratosphere and grow through further condensation, homogeneous and heterogeneous nucleation, and coagulation. They also evaporate when the H 2 SO 4 vapor becomes unsaturated. Depending on their size and atmospheric conditions, these aerosol particles can stay in the stratosphere for a few days up to several years before they fall into the troposphere under gravitational settling. In the troposphere the aerosol particles are often washed out quickly by precipitation and eventually come down to the Earth's surface.
[3] Volcanic aerosol particles in the stratosphere can cause large perturbations to the atmospheric chemical constituents and radiation budget [Robock, 2000] . For instance, the enhanced heterogeneous reactions on the surface of aerosol particles can convert more reactive nitrogen into inactive nitric acid and lead to an enhancement in the concentration of reactive chlorine, thereby leading to the increased ozone destruction often observed in the stratosphere after volcanic eruptions [McCormick et al., 1995] . Volcanic aerosol particles can disturb the atmospheric radiation budget by reflecting solar radiation, primarily in the ultraviolet (UV) and visible bands, back into space and by absorbing terrestrial radiation and part of the solar radiation in the near-infrared region. The disturbance to the radiation budget causes changes in atmospheric temperature and circulation. The reflection of solar radiation by aerosol particles also increases the photodissociation rates of certain chemical reactions in the stratosphere above the aerosol cloud because of the increased solar UV radiation and thus leads to decreases in the concentrations of several chemical compounds such as ozone [Tie et al., 1994] . Furthermore, the change in the atmospheric circulation modifies the transport and, consequently, the distribution of volcanic aerosol particles over the globe. All these processes are linked to each other and create a complex picture of how volcanic eruptions affect the Earth-atmosphere system.
[4] The Mount Pinatubo volcanic eruption, which occurred on the island of Luzon (15°N, 120°E), Philippines, in June 1991, injected about 20 Â 10 12 g (20 Tg) of gaseous SO 2 into the stratosphere. The maximum mass loading of stratospheric sulfate aerosol, which was converted from SO 2 , was about 30 Tg in the last few months of 1991 [McCormick et al., 1995] , more than 30 times as much as the background sulfate-aerosol mass loading. The Pinatubo aerosol particles were transported to high latitudes and suspended in the atmosphere for several years and caused the largest aerosol perturbation to the stratosphere in the 20th century. The Pinatubo eruption has also been the best-observed major volcanic eruption on record [Russell et al., 1996] . It provided us a rare opportunity to better understand the natural variability of the climate system and human-induced climate changes and to test various dynamical, radiative, and chemical models.
[5] There have been three major fields of study on the Pinatubo eruption. The first is focused on the formation, growth, and deposition of the Pinatubo aerosol particles and the chemical effect of these aerosol particles on atmospheric constituents [e.g., Kinnison et al., 1994; Tie et al., 1994; Zhao et al., 1995; Pudykiewicz and Dastoor, 1995; Knight et al., 1998 ]. The second is on the optical properties of the aerosol particles and the radiative forcing these particles imposed on the Earth-atmosphere system [e.g., Stowe et al., 1992; Minnis et al., 1993; Russell et al., 1996; Stenchikov et al., 1998; Andronova et al., 1999] . The third is on the atmospheric responses to the forcing, namely, changes in atmospheric temperature and circulation [e.g., Groisman, 1992; Hansen et al., 1992; Graf et al., 1993; Kirchner and Graf, 1995; Robock and Mao, 1995; Parker et al., 1996; Kirchner et al., 1999; Ramachandran et al., 2000] .
[6] This paper is focused on the numerical simulations of the surface and atmospheric temperature changes induced by the Pinatubo eruption. The volcanic and sea surface temperature (SST) signals in the simulated temperature anomalies are separated as in our earlier paper, which analyzes the observed surface air temperature (SAT) anomalies following the Pinatubo eruption [Yang and Schlesinger, 2001] . The analysis focused on the identification and separation of the signals of the Pinatubo aerosol and El Niño-Southern Oscillation (ENSO) events in the observed SAT anomalies over land using composite and singular value decomposition (SVD) analyses.
[7] In section 2 we briefly describe the radiative forcing and anomalous radiative heating caused by the Pinatubo aerosol. The reconstruction of the Pinatubo aerosol optical properties and calculation of radiative forcing are found in the work of Andronova et al. [1999] . In section 3 we analyze the observed atmospheric temperature changes. The design and results of ensemble numerical simulations are presented in section 4. In section 5 we examine the influences of the quasi-biennial oscillation (QBO) and the observed ozone depletion on the observed and simulated temperature changes following the Pinatubo eruption. A summary is given in section 6.
Radiative Forcing and Anomalous Radiative Heating
[8] Though the Pinatubo eruption has been the best observed in history by satellites and ground-based observation stations, the observed database on its own is still not adequate enough in time and space for global studies [Russell et al., 1996] . An accurate description of the aerosol mass loading and optical properties (extinction efficiency, single-scattering albedo, and asymmetry factor) is vital for atmospheric general circulation models (GCM) to correctly calculate the radiative forcing and to simulate the atmospheric responses to the forcing. Using data derived from SAGE-II, UARS, balloon, and lidar observations, together with a Mie-scattering model, Stenchikov et al. [1998] developed a time-dependent, zonally averaged, vertically resolved spectral data set of the Pinatubo aerosol optical properties for the ECHAM4 GCM, covering the time from June 1991 to May 1993. They then computed the radiative forcing of the Pinatubo eruption. This data set was also used by Kirchner et al. [1999] to simulate the climatic impact of the Pinatubo eruption. A similar data set was also constructed by Ramachandran et al. [2000] to simulate the radiative impact of the Pinatubo eruption using the Geophysical Fluid Dynamics Laboratory SKYHI GCM.
[9] The Climate Research Group at the University of Illinois at Urbana-Champaign (UIUC) also constructed a new data set of the Pinatubo aerosol optical properties using the techniques of Stenchikov et al. [1998] , but based on the radiation spectral bands and spatial structure of the UIUC 24-layer stratosphere-troposphere (ST) GCM , and calculated the instantaneous radiative forcing of the Pinatubo aerosol [Andronova et al., 1999; Yang, 2000] . Andronova et al. [1999] used the calculated forcing of the Pinatubo eruption together with the optical depths of historical volcanic eruptions complied by Sato et al. [1993] to reconstruct the radiative forcing of historical volcanic eruptions from 1850 to 1994. Readers are referred to Andronova et al. [1999] and Yang [2000] for the reconstruction of the optical data and the calculation of the radiative forcing. Here we briefly describe the globally averaged radiative forcing.
[10] Figure 1 shows the global monthly mean instantaneous radiative forcing from June 1991 to May 1993 for the terrestrial (longwave) radiation, solar radiation in the near-infrared band (0.7 mm-10 mm), and the UV and visible band (0.175 mm-0.7 mm), and the total (terrestrial plus solar). Forcings are calculated under both clear-sky and cloudy-sky (all) conditions at the model top (1 hPa), tropopause and the Earth's surface. The forcing in the solar near-IR band at the model top and tropopause is as large as that in the UV and visible band but 1.0 -1.5 W/m 2 smaller at the Earth's surface. This results from the absorption by water vapor in the solar near-IR band in the troposphere. The Pinatubo aerosol cloud was located in the lower stratosphere. Because the average atmospheric emitting temperature is higher for layers below the aerosol cloud than above it, the longwave forcing at the model top (1 hPa) is much larger than that at either the Earth's surface or the tropopause. At the model top, the largest total forcing is found at the end of 1991 and in early 1992, about À7 W/m 2 under clear sky and À4.7 W/m 2 under cloudy sky. The presence of clouds reduced the radiative forcing of the Pinatubo aerosol.
[11] The radiative forcing simulated by the UIUC ST-GCM is generally larger than that simulated by the ECHAM4 GCM [Stenchikov et al., 1998 ]. Yang [2000] showed that under both clear and all-sky conditions the simulated maximum zonal-mean total forcing by the UIUC model is about 2 -3 W/m 2 larger in the tropics at the end of 1991 and early 1992 than that simulated by the ECHAM4 model at both the Earth's surface and the tropopause. Among all possible factors, the difference can be attributed primarily to different aerosol optical depths prescribed in these two models. First, the UIUC model overestimated the aerosol optical depth in the tropics compared to the AVHRR observation, while the ECHAM4 model underestimated in the tropics compared to the AVHRR observation and in the middle latitudes compared to both the AVHRR and the SAGE-II observations. The maximum difference of columnintegrated optical depth at 0.55 mm averaged over the AVHRRcovered latitudes between these two model estimations is about 0.07 [Yang, 2000] . Second, the aerosol prescribed in the UIUC model extends from 200 hPa to 3 hPa, while the one prescribed in the ECHAM model extends from 200 hPa to 10 hPa. Our calculation using a one-dimensional (1-D) column radiativetransfer model shows that given the same column-integrated optical depth, the higher the aerosol clouds extend the larger the total radiative forcing.
[12] The maximum zonal-mean all-sky radiative forcing simulated by the UIUC ST-GCM is also about 3 -4 W/m 2 larger in the tropics than that simulated by the SKYHI GCM [Ramachandran et al., 2000] . However, the time-latitude distribution of columnintegrated optical depth at 0.55 mm presented by Ramachandran et al. [2000] is almost identical to that used for this study [Andronova et al., 1999] . As Ramachandran et al. [2000] pointed out, because of an overestimated cloud amount the attenuation effect on the calculated aerosol radiative forcing by cloud in the SKYHI model is stronger than in both the UIUC and the ECHAM4 models. The clear-sky forcing calculated by the UIUC model is closer to that simulated by the SKYHI model than that simulated by ECHAM4 model, though still larger than SKYHI. It should be pointed out that aerosol clouds in the SKYHI model also extend up to only 10 hPa.
[13] Of course, other differences among these GCMs such as the radiative-transfer algorithms and the simulated water vapor distributions might also be responsible for the aforesaid differences in their simulated aerosol forcing.
[14] To simulate the climatic impact of volcanic aerosol forcing, it is the radiative flux convergence as well as the radiative forcing that matters. As Ramachandran et al. [2000] pointed out, the heating and cooling rates of the Pinatubo aerosol simulated by the ECHAM4, SKYHI, and UIUC GCMs are rather close to each other. The Pinatubo volcanic aerosol radiatively cooled the troposphere and radiatively warmed the stratosphere. In January 1992, when the radiative forcing reached its maximum, the maximum cooling was about À0.01°C/d near the surface in the tropics, and the maximum warming was about 0.3°C/d near 30 hPa in the tropics. Until August 1992, the heating rate was still as large as 0.3°C/d near 30 hPa in the tropics, mainly due to the absorption of longwave radiation by the aerosol cloud [Yang, 2000] .
Observed Atmospheric Temperature Changes
[15] Large SAT changes were observed for a few years following the Pinatubo eruption. Yang and Schlesinger [2001] performed composite and SVD analyses to detect and to separate the signals of the Pinatubo aerosol and ENSO events in the observed SAT anomalies. They found that ENSO signals were weak over Eurasia but relatively strong over the other continents. Over North America the 1991 -1992 El Niño event contributed more than 50% to the observed total cooling of about À1.0°C in June -July -August (JJA) 1992. Averaged over the four continents, maximum coolings of about À0.5°C occurred in September -October -November (SON) 1992 and SON 1993 with the ENSO signals removed.
[16] Here we analyze the observed atmospheric temperature changes following the Pinatubo eruption using the NCEP/NCAR reanalysis, provided through the NOAA Climate Diagnostics Center. Figure 2 shows the time-altitude cross sections of monthly mean air temperature anomalies from June 1991 to August 1993 averaged over the globe and over different latitudinal belts. The anomalies are relative to the mean of 1979 -1995, which coincides with the time period of the SST climatology used in section 4 for the GCM simulations. The anomalies so defined include the trend of temperature changes presumably caused by global warming.
During 1979 -1995 the global-mean temperature decreased about 0.02 -0.03°C/yr in the middle and lower stratosphere and increased less than 0.01°C/yr in the middle troposphere (pictures not shown). The large signal of the Pinatubo eruption makes this trend relatively unimportant. Furthermore, excluding the postvolcano years in the 1979 -1995 reference would have made only a 0.1°C difference in global-mean temperature in the middle and lower stratosphere.
[17] Global-mean air temperature increased throughout the atmosphere immediately after the Pinatubo eruption. Large anomalies of about +1.5°C were found in the lower stratosphere between 70 hPa and 30 hPa in SON 1991. After October 1991, tropospheric temperature anomalies became negative. In the lower stratosphere, positive temperature anomalies were observed until March 1993 with gradually reducing magnitudes. In the tropics (10°S -10°N) the warming in the lower stratosphere lasted until July 1993, longer than the warming in the middle latitudes in both hemispheres (10°S -50°S and 10°N-50°N). The magnitude of the warming was also larger in the tropics than in the middle latitudes. A maximum warming in the tropics appeared in DJF 1992 , instead of in DJF 1991 -1992 immediately after the Pinatubo eruption, because the phase of the QBO changed from easterly before March -AprilMay (MAM) 1992 to westerly after JJA 1992 (figures not shown). Angell [1997b] showed that stratospheric temperature decreases in the tropics during easterly phases of the QBO and increases during westerly phases. At high latitudes (Figures 2d and 2f ) the temper- ature anomalies are of large magnitude and variance. They are related to the dynamical responses of the atmosphere to the anomalous radiative heating at lower latitudes by the Pinatubo aerosol [Graf et al., 1993] and to the observed ozone losses [Randel et al., 1995] .
GCM Experiments
[18] A few studies have used atmospheric GCMs to investigate the impact of the Pinatubo aerosol on the atmospheric temperature and circulation [e.g., Hansen et al., 1992; Graf et al., 1993; Kirchner and Graf, 1995; Kirchner et al., 1999; Ramachandran et al., 2000] . In these earlier studies, little attention was paid to the influence of the observed SST anomalies on the simulated temperature changes induced by the Pinatubo aerosol. Here we use our 24-layer ST-GCM and the aerosol optical data, reconstructed specifically for this model, to study the climatic impact of the Pinatubo aerosol and to separate this impact from that induced by the SST forcing.
UIUC 24-Layer ST-GCM
[19] The 24-layer ST-GCM was developed mainly on the basis of the UIUC 11-layer atmospheric GCM [Wang, 1996; Wang and Schlesinger, 1999] . The 24-layer ST-GCM has a horizontal resolution of 4°latitude by 5°longitude. Vertically, the model extends from the Earth's surface to 1 hPa and uses sigma as its vertical coordinate. For a surface pressure of 1000 hPa, there are 10 layers above 100 hPa with constant log-pressure thickness and 14 layers below 100 hPa with prescribed pressure values. Yang et al. [2000] has documented the development and performance of the model in detail.
[20] The 24-layer ST-GCM resolves the aerosol radiative forcing explicitly in both the solar and the terrestrial bands . Atmospheric chemistry is not considered in any of the following experiments.
Design of Ensemble Simulations
[21] Using the UIUC 24-layer ST-GCM, we performed four sets of ensemble simulations (Table 1) . Each set contains six simulations that use different initial conditions, and each simulation spans two years from June 1991 to May 1993. These initial conditions were randomly chosen from a 15-year control run of the model forced by seasonally varying climatological SSTs . In Table 1 , CSST means climatological monthly mean SST, which is the 17-year average from 1979 to 1995. RSST means realtime monthly mean SST from June 1991 to May 1993. The Pinatubo aerosol was introduced into the model by using the reconstructed aerosol optical data of Andronova et al. [1999] . We list in Table 2 the five experiments that we constructed from the four sets of ensemble simulations in Table 1. In the figures that follow, a label is assigned to each experiment starting with SI, which means simulation and is used to distinguish itself from the observational data analyses (OB). Figures for the experiments SI:SSTA and SI:VOL/CSST are not shown since they are, respectively, similar to those for the experiments SI:SSTA/VOL and SI:VOL/RSST. Throughout the paper we define the model anomaly as the difference between each perturbation run and the ensemble average of the corresponding six control runs.
Simulated SAT Anomalies
[22] Yang and Schlesinger [2001] separated the signals of Pinatubo-aerosol and ENSO events in the observed SAT anomalies over land using composite and SVD analyses. Here we compare the simulated ensemble-mean seasonal-mean SAT anomalies with those derived from observations for the time from JJA 1991 to MAM 1993 averaged over the four continents (Eurasia, North America, South America, and Africa) (Figure 3 ). To show the uncertainties of the results associated with the model's internal variability, seasonal-mean SAT anomalies derived from each individual simulation are also plotted.
[23] The combined effect of the Pinatubo aerosol and SST forcing is shown in Figure 3a , which compares the simulated continental SAT anomalies, forced by both the Pinatubo aerosol and SST anomalies (SI:VOL + SSTA), with the high-pass filter (HPF) observed SAT anomalies having timescales less than 120 months (OB:HPF). Figure 3b demonstrates the effect of the SST forcing by comparing the simulated continental SAT anomalies, forced only by the SST anomalies (SI:SSTA), with the projections of the leading-mode SAT anomalies from the SVD analysis (OB:SVDP1), which is the part of the SAT anomalies explained by the observed SST anomalies in the eastern tropical Pacific. Figure 3c demonstrates the effect of the Pinatubo aerosol by comparing the simulated continental SAT anomalies, forced only by the Pinatubo aerosol (SI:VOL/RSST), with the residuals between OB:HPF and OB:SVDP1, which represents the observed SAT anomalies induced by the Pinatubo aerosol and possibly forcings other than SST. In the experiment SI:VOL/RSST, the observed real-time SSTs are used as boundary conditions in both the control runs and the perturbation runs.
[24] For all three ensemble experiments, the signal-to-noise ratio is usually larger in JJA than in DJF because of a stronger internal variability over the northern continents in DJF. Thus a large ensemble size is needed to obtain statistically significant results. We compare here the simulated ensemble-mean SAT anomalies with observations. Figure 3b shows that when forced only by the SST anomalies, the model simulates rather well the observed global-mean continental SAT anomalies that can be explained by the SST anomalies in the eastern tropical Pacific from the SVD analysis (OB:SVDP1). The simulated ensemblemean SAT averaged over the four continents increased from JJA 1991 to MAM 1992 by about 0.1°C and decreased from MAM Figure 3b also indicates that the SVD analysis is capable of finding the coupled patterns between the continental SAT anomalies and the SST anomalies in the eastern tropical Pacific. When forced by both the Pinatubo aerosol and the SST anomalies (Figure 3a) , the model simulates rather well the observed global-mean SAT anomalies in the Northern Hemisphere spring and summer. The SAT averaged over the four continents decreased by 0.5°C in the simulation and by 0.63°C in the observation in JJA 1992, of which 0.14°C in the simulation (experiment SI:SSTA) and 0.21°C in the observation (OB:SVDP1) are due to the SST anomalies. The model did not capture the observed warming in DJF 1991 -1992 and DJF 1992 , although two out of the six ensemble members do match rather well with the observation. The simulated ensemble-mean SAT anomalies are negative. When forced only by the Pinatubo aerosol (Figure 3c) , the model simulates well the observed temperature anomalies in the Northern Hemisphere spring and summer but rather poorly in the Northern Hemisphere fall and winter, regardless of whether climatological (figure not shown) or real-time SSTs are used as the lower boundary conditions.
[25] We further analyze the geographical distributions of SAT anomalies. Figures 4 and 5 are the simulated and observationderived seasonal-mean land SAT anomalies in DJF 1991 -1992 and JJA 1992, respectively. For the simulation, ensemble means with statistical significance at or below the 10% level of a two-tailed t-test are shaded. For the observation, areas with values exceeding 1.3s in magnitude are also shaded, where s is the standard deviation of the high-pass-filtered seasonal-mean SAT anomalies at each grid point between 1950 and 1997. For a time series with a normal distribution and with no autocorrelation, about 10% of the data fall outside of the range {À1.3s, 1.3s}. Therefore the shaded areas are at or below about the 10% level of statistical significance.
[26] In DJF 1991 -1992 the experiment SI:VOL + SSTA captured the large warming of about 3°C over central and northwestern North America and the cooling over North Africa, where the observed temperature anomalies are statistically significant (Figure 4d ). Over central Eurasia the observed anomalies are about +2°C but not statistically significant, and the model-simulated anomalies are negative. For experiment SI:SSTA the simulated SAT anomalies over central North America are about 0.5°C-1.0°C and match the corresponding observations associated with the El Niño/La Niña modes derived from the SVD analysis (Figure 4e ). For experiments SI:VOL/RSST the simulated SAT anomalies do not match well the corresponding observational analysis in Figure 4f . In JJA 1992 ( Figure 5 ), all simulations have larger areas of statistically significant SAT anomalies than in DJF 1991 -1992. The simulated SAT anomalies generally match the corresponding observations. Over North America, both SST anomalies and the Pinatubo aerosol contributed to the observed cooling. The observed signal of SST anomalies is stronger over North America than over Eurasia.
[27] A few points can be drawn from Figures 4 and 5. First, the simulated SAT anomalies are sensitive to the initial conditions and are not everywhere statistically significant, especially at high latitudes in DJF 1991 -1992. Second, the natural variability of the observed SAT at the Northern Hemisphere high latitudes is larger in DJF than in JJA and larger over central Eurasia than over North America. The model performs better in regions where the observed SAT anomalies are significant. In their perpetual-January experiments, Graf et al. [1993] showed that when forced by the Pinatubo aerosol, the ECHAM2 GCM produced a stronger-thannormal northern polar-night jet and stronger-than-normal zonal winds extending down to the troposphere. The Azores High was shifted northward with increased tropospheric westerly winds at 60°N and increased easterly winds at 30°N. Surface temperatures were higher than normal over northern Eurasia and North America. However, the version of the 24-layer ST-GCM used for the present simulations did not simulate the Northern Hemisphere polar-night jet well . In DJF the zonal-mean zonal wind in the middle to upper stratosphere near the North Pole is about 20 to 30 m/s weaker than observed. At 60°N the westerly winds in the stratosphere decay too early in October and do not intensify and propagate further downward in later months as the observed. This deficiency might have prevented the model from simulating correctly the dynamical responses of the atmosphere to the Pinatubo aerosol forcing near the North Pole in DJF. Kirchner et al. [1999] showed, however, that this dynamical effect is difficult to simulate in part because the high sensitivity of a tropospherestratosphere interaction to the background planetary-wave structure determined by SSTs. Third, the observed surface cooling in the Northern Hemisphere in JJA 1992 was mostly due to the direct radiative effect of volcanic aerosols, i.e., the backscattering of solar radiation. There are fewer model dynamical responses involved in JJA than in DJF.
[28] By applying singular value decomposition (SVD) to observational data, Yang and Schlesinger [2001] separated the signals of Table 2 for the meaning of the legends.
SST and Pinatubo aerosol forcing in the observed surface air temperature. They emphasized the limitations of the linear SVD analysis. First, the atmospheric response to warm-event SST anomalies is stronger than to cold-event SST anomalies, though to the first order, the response is indeed linear [Kumar and Hoerling, 1998 ]. Second, the dynamical response of the atmosphere to the Pinatubo aerosol forcing is sensitive to the background planetary-wave structure determined by SSTs [Kirchner et al., Figures 4a, 4b , and 4c, anomalies that are statistically significant at the 10% level for a two-tailed t-test are shaded, and in Figures 4d, 4e , and 4f, anomalies larger than 1.3s in magnitude are also shaded, where s is the standard deviation of the high-pass-filtered seasonal-mean temperature anomalies at each grid point between 1950 and 1997. . In other words, the dynamical responses to volcanic aerosol and SST forcing may not be linear. In the present study, we performed sensitivity experiments using the UIUC GCM to separate the signals. In principle, any nonlinear response to the combined SST and aerosol forcing is resolved by the model in the experiment (VOL + SSTA) ( Table 2) . We compared further surface air temperature averaged over all continents derived from experiment (VOL + SSTA) with the summation of those from experiments (SSTA) and (VOL/CSST) and found that the model's response to SST and aerosol forcing is almost linear, especially in the JJA season. Locally, larger nonlinearity is found over northern Eurasia and Alaska. In spite of the limitations, the signal of SST forcing simulated by the GCM matches well with that derived from the SVD analysis.
Simulated Atmospheric Temperature Changes
[29] Figure 6 presents the global-mean monthly mean temperature anomalies as a function of pressure and month following the Pinatubo eruption for the ensemble experiments SI:VOL/ RSST, SI:SSTA and SI:VOL + SSTA, and the difference between the experiment SI:VOL + SSTA and the NCEP/NCAR reanalysis. For each set of ensemble runs, the simulated globalmean temperature anomalies throughout the atmosphere are not sensitive to the initial conditions (figures not shown). We present only the ensemble means in Figure 6 which can be compared to the observed anomalies shown in Figure 2a , albeit noting that they extend only to 10 hPa, while the simulated anomalies extend to 1 hPa.
[30] When the model is forced by the Pinatubo aerosol with realtime SST (Figure 6a , VOL/RSST) as boundary conditions, the simulated temperature increases in the stratosphere and decreases in the troposphere. The experiment SI:VOL/CSST produces almost the same temperature distributions (figure not shown). Hence the model's atmospheric temperature response to the aerosol forcing has little dependence on the type of SST used. A maximum warming of about 2.5°C occurred in the lower stratosphere in the middle of 1992. When the model is forced by SST anomalies (Figure 6b , SI:SSTA), the simulated atmospheric temperature anomalies are small in the stratosphere. In the troposphere the simulated temperature increased by 0. 1°C-0.3°C in JJA 1991 and MAM 1992 and decreased by 0.2°C in DJF 1992 . Results from the experiment SI:SSTA/VOL are quite similar to Figure 6b and are not shown. For the experiment SI:VOL + SSTA (Figure 6c ), which includes both the Pinatubo aerosol and the SST anomalies, the simulated temperature changes in the stratosphere are primarily caused by the Pinatubo aerosol and look like those in Figure 6a , which include only the Pinatubo aerosol. In the troposphere both the Pinatubo aerosol and the SST forcing contributed to the simulated temperature anomalies, with the latter being dominant. Kirchner and Graf [1995] also found in their perpetual-January simulations that El Niño signals can be more clearly detected in the troposphere than in the stratosphere and that volcano signals are the strongest in the stratosphere.
[31] Figure 6d shows that the model overestimated the observed warming in the lower stratosphere when forced by both the Pinatubo aerosol and the SST anomalies and underestimated the observed cooling in the troposphere in 1992 and 1993. Large discrepancies up to +1.0°C $ +1.5°C are found in the middle of 1992 in the lower stratosphere. Additional numerical experiments and data analyses are presented in section 5 to further explore this discrepancy. It is noticeable that the model also slightly underestimated the observed warming in the lower stratosphere during a few months immediately after the Pinatubo eruption. This is probably because the prescribed aerosol optical properties accounted only for the sulfate aerosol particles and did not include the large amount of volcanic ash injected into the stratosphere. This ash returned to the Earth's surface under gravitational settling in no more than a few months [McCormick et al., 1995] . Volcanic ash can absorb upwelling terrestrial radiation and warm the lower stratosphere.
[32] We further examine the geographic distributions of atmospheric temperature anomalies. Figure 7 shows the latitude-time distributions of zonal-mean monthly mean temperature anomalies at 50 hPa from June 1991 to May 1993 for the reanalysis and for the two ensemble experiments SI:VOL + SSTA and SI:SSTA. We present results at 50 hPa because the simulated maximum warming by the 24-layer ST-GCM occurs at this level. At 50 hPa the observed temperature (Figure 7a ) was about 1°C-2°C higher than normal in the tropics and subtropics during most of the two years following the Pinatubo eruption. Between 10°N and 30°N a persistent and statistically significant large warming existed from August 1991 to April 1992. In the tropics the temperature anomaly was about +1°C to +2°C from August 1991 to March 1992, reduced to less than +1°C in the middle of 1992, and then increased again to about +2°C in DJF 1992 DJF -1993 . The magnitude of the temperature anomalies in the tropics varied with time in part due to the dispersion of the Pinatubo aerosol cloud and in part due to the influence of the QBO [Angell, 1997b] . For the ensemble experiment SI:VOL + SSTA (Figure 7b ) the simulated temperature anomaly in the subtropics and middle latitudes is about +1°C larger than observed for all months. In the tropics the simulated temperature anomaly is slightly larger than observed before January 1991, slightly smaller than observed after October 1992, and about 2°C larger than observed from February to September 1992. Additional experiments and analyses are presented in section 5 to determine how much of these discrepancies can be explained by the influences of the QBO and the observed ozone depletion. For the ensemble experiment SI:SSTA (Figure 7c ) the ensemble-mean temperature anomaly is everywhere less than ±0.5°C except near the poles and is not statistically significant. The signal of SST anomalies in the stratosphere is weak compared to the signal of the volcanic aerosol forcing.
[33] Kirchner et al. [1999] and Ramachandran et al. [2000] also performed ensemble simulations using the ECHAM4 and SKYHI GCMs to examine the climatic impact of the Pinatubo eruption. Maximum zonal-mean temperature anomalies in the tropical stratosphere simulated by our 24-layer ST-GCM (Figure 7b ) are close to those simulated by the SKYHI model [Ramachandran et al., 2000, Figure 7a ] in 1991 and about 1°C larger in 1992, and are about 1°C smaller than those simulated by the ECHAM4 model [Kirchner et al., 1999, Figure 4a ] in both years. Some of the differences can be attributed to model clouds and the layers where the largest aerosol optical depths are prescribed in the model [Ramachandran et al., 2000] . Since the heating and cooling rates are almost the same among the three GCM simulations, it is probable that model responses to the Pinatubo aerosol forcing are sensitive to the model's vertical resolution, which can affect the vertical propagation of waves.
[34] Figure 8 is the same as Figure 7 except for temperature anomalies at 500 hPa. Neither the simulated nor the observed temperature anomaly is everywhere statistically significant. For both the experiment SI:VOL + SSTA and the NCEP/NCAR reanalysis, warming occurred before July 1992 and cooling occurred after July 1992 in the tropics. SST forcing contributed most to the temperature anomalies in the tropics. In the middle and high latitudes, both the simulated and the observed temperature anomalies exhibit large variations in time and in latitude and are statistically insignificant most of the time.
Influence of the QBO and Ozone Depletion
[35] In section 4 we found that the simulated temperature anomalies forced by the Pinatubo aerosol, no matter with climatological SST or real-time SST as boundary conditions, are about 1°C-2°C larger than observed in the middle of 1992 in the tropical lower stratosphere. Large biases are also found in the polar regions. In this section we show that the discrepancy can be explained in part by the QBO and ozone depletion, which are not resolved by our numerical simulations. Kirchner et al. [1999] estimated the influence of the QBO using composite analysis and the influence of ozone using the ECHAM4 GCM by prescribing in the model certain observations of ozone depletion. Here we extend the estimates using different approaches.
QBO
[36] Associated with the quasi-biennial oscillation of the equatorial zonal wind in the tropical lower stratosphere, there is a quasi-biennial oscillation of temperature [Angell, 1997a] . This temperature oscillation results from both the dynamical effect of the QBO and the radiative effect of the ozone oscillation that is linked to the QBO [Angell, 1997b] . However, the UIUC 24-layer ST-GCM did not simulate the QBO . Here we estimate the temperature anomalies in the tropical lower stratosphere associated with the QBO after the Pinatubo eruption using the NCEP/NCAR reanalysis.
[37] We present in Figure 9a the high-pass-filtered monthly mean temperature anomalies with timescales less than 120 months between 12°S and 12°N at 50 hPa from January 1958 to December 1998, together with the zonal-mean zonal wind at 30 hPa at the equator. The latter has been standardized and scaled to have the standard deviation of the temperature anomalies. We tested and found that compared to those on other isobaric surfaces, the zonal wind at 30 hPa best matches the phase change of the 50-hPa temperature anomaly. The two time series exhibit a close relation. A linear regression between the two time series is established by using the 30 years of data from January 1958 to December 1987 (Figure 9b ). The correlation coefficient of the regression is 0.67. Using this statistical model, the temperature anomalies associated with the QBO after January 1988 are predicted by using the scaled zonal-mean zonal wind as predictor. Figure 9c depicts the predicted QBO-related temperature anomalies at 50 hPa, averaged between 12°S and 12°N, together with the observed high-pass-filtered temperature anomalies, the ensemble-mean temperature anomalies simulated by the experiment SI:VOL + SSTA, and the ensemble- mean temperature anomalies adjusted for the QBO. The Pinatubo eruption occurred during a transition time of the QBO from westerly phase to easterly phase. Following the eruption, the QBO was in an easterly phase before JJA 1992 and in a westerly phase after JJA 1992. Correspondingly, the QBO-related temperature anomaly predicted by the linear regression model was about À1.0°C before JJA 1992 and 1.0°C after JJA 1992. This QBOrelated temperature oscillation explains in part the discrepancy between the observed and the simulated temperature anomalies in the tropical lower stratosphere. The remainder of the unexplained discrepancy is in part due to the radiative effect of ozone depletion caused by the volcanic aerosol.
Ozone Depletion
[38] Satellite observations revealed substantial total ozone losses over the globe for a few years following the Pinatubo eruption. Randel et al. [1995] showed that in the tropics, with the effect of the QBO excluded, the zonally averaged total ozone loss was initially about 4% in SON 1991 and about 2 -3% throughout 1992 and 1993. In normal years the column total ozone varies by ±2 -4% in the tropics, almost synchronously with the quasibiennial oscillation of the equatorial zonal wind [Bowman, 1989] . In the Northern Hemisphere, poleward of 60°N, the observed zonal-mean total ozone decreased by about 10% during February -March 1992, by about 12% in February -March 1993, extending from middle latitudes to the North Pole, and by about 4% throughout the rest of 1992 and 1993. In the Southern Hemisphere, large decreases of total ozone in excess of 10% were found in the high latitudes in the austral spring seasons for the three years following the Pinatubo eruption [Randel et al., 1995] .
[39] The Pinatubo volcanic aerosol was the major cause for these observed ozone losses. Several competing mechanisms were involved Tie et al., 1994] . First, the absorption of solar and terrestrial radiation by the volcanic aerosol cloud radiatively warmed the atmosphere. This heating changed the atmospheric circulation, which in turn affected the meridional transport of trace gases, including ozone. Second, the backscattering of solar radiation by the aerosol cloud changed the photolysis rate of ozone, especially in the tropics. Third, the heterogeneous chemical reactions in the lower stratosphere were enhanced on the surface of the volcanic aerosol particles. The observed ozone losses after the Pinatubo eruption were primarily caused by the perturbations of the circulation and photolysis rates at the initial stage and predominately by the enhanced heterogeneous chemical reactions at a later time, especially in the polar-night regions.
[40] For the ensemble simulations presented in section 4, the 24-layer ST-GCM was run with a climatological ozone distribution. Ozone absorbs both solar radiation and terrestrial radiation. It is the major absorber of solar radiation in the stratosphere. To estimate the influence of the observed ozone depletion on the simulated atmospheric temperature, we need the distributions of ozone concentration changes resolved in space and time following the Pinatubo eruption. The observed column total ozone losses by satellites are not useful for GCM studies. Therefore we performed two ensemble experiments by prescribing in the model the percentage changes of ozone concentration following the Pinatubo eruption simulated by two different 2-D radiative-chemical transport (RCT) models.
[41] The first data set of ozone depletion was provided by X.-X. Tie (personal communication, 1998) at the National Center for Tie et al. [1994] . This covers the time from June 1991 to May 1992. The effects of the Pinatubo aerosol on dynamical transport, photolysis rate, and chemical reactions were included. The simulated total ozone losses near the North Pole in early 1992 and in the tropics in late 1991 match the observations rather well. However, the model failed to simulate the observed ozone depletion in the Southern Hemisphere high latitudes. The simulated maximum ozone loss near 60°N descended too fast with height, from about 50 hPa in October 1991 to about 150 hPa in March 1992.
[42] K. Patten and D. Wuebbles at UIUC (personal communication, 1998 (hereinafter referred to as PW)) provided the second data set of ozone depletion. PW used the Lawrence Livermore National Laboratory 2-D RCT model Patten et al., 1994] . They performed two 2-year-duration transient simulations, one with the aerosol surface area changing with time and the other with the aerosol surface area fixed to the value of 1990. In both simulations the atmospheric temperature and circulation were prescribed to be their climatological values and were not allowed to respond to any external forcing. Therefore the overloaded stratospheric aerosol following the Pinatubo eruption was allowed to affect only the heterogeneous chemical reactions. This model captured the observed ozone losses in the Southern Hemisphere in the austral springs of 1991 and 1992. In the Northern Hemisphere the model also captured the observed large ozone losses in early boreal springs of 1992 and 1993. Probably, because of the lack of dynamical responses, the simulated ozone depletion is almost everywhere larger than observed, especially in the Northern Hemisphere middle to high latitudes in 1992 summer. In the tropics the simulated ozone losses are about 2 -3% smaller than observed.
[43] We performed two 6-member ensemble simulations using the model initial conditions that have been used for the experiments in section 4, one from June 1991 to May 1992 and the other from June 1991 to May 1993, by prescribing in the UIUC 24-layer ST-GCM the percent changes of the zonally averaged ozone concentration simulated by the above 2-D RCT models. These simulations include Pinatubo aerosol and use real-time SSTs as boundary conditions; therefore results are compared to the experiment E4 in Table 1 to estimate the influences of ozone depletion on the simulated temperature anomalies. The time evolutions of the simulated ensemble-mean temperature anomalies by these two experiments are presented in Figure 10 .
[44] In the first simulation year, the simulated maximum negative global-mean temperature anomalies are about À0.2°C with both Tie's and PW's ozone data (Figures 10a and 10d ) in the lower stratosphere at the end of 1991. In the first few months after the Pinatubo eruption, the simulated temperature anomalies at 50 hPa in the tropics with Tie's ozone data (Figure 10b ) are generally negative and are about À0.5°C to À1.0°C, while the simulated temperature anomalies with PW's ozone data (Figure 10e ) are less than À0.5°C. This is because PW's simulation produced very small ozone depletion in the tropics. In the second simulation year from June 1992 to May 1993, the simulated global-mean temperature anomalies with PW's ozone data are between À0.5°C and À1.0°C, between 30 hPa and 100 hPa, with the largest cooling of about À1.0°C occurring at the end of 1992. In the tropics at 50 hPa the simulated temperature anomalies are between À0.5°C and À1.0°C. Larger coolings associated with ozone depletion are found at middle and high latitudes in both hemispheres. Figures 10c and  10f show that in the tropics (12°S -12°N) , ozone depletion explains about 0.5°C temperature discrepancy found in Figure 9c between the simulations and observations at the end of 1991 and through 1992. Our estimate of ozone impact is much smaller than that of Kirchner et al. [1999] , which is more than 1. 0°C in DJF 1991 0°C in DJF -1992 
Summary
[45] Radiative forcing of the Pinatubo volcanic aerosol was calculated using the UIUC 24-layer ST-GCM for the two years following the eruption. Solar forcing is everywhere negative, and longwave forcing is everywhere positive. The calculated maxi- mum negative global-mean net radiative forcing occurs in DJF 1991 -1992, about À4.9 W/m 2 at the surface, À4.8 W/m 2 at the model top, and À5.6 W/m 2 at the tropopause. The forcing over cloudy sky is more than 2 W/m 2 smaller than over clear sky for all layers.
[46] Observational data analyses showed that during the two years following the Pinatubo eruption the temperature in the tropics and midlatitudes in both hemispheres was about 0.5°C-1.5°C higher than normal in the lower stratosphere and generally lower than normal in the troposphere.
[47] We performed four sets of ensemble simulations using the UIUC 24-layer ST-GCM to explore the thermal responses of the atmosphere to the Pinatubo aerosol forcing for the two years following the Pinatubo eruption. The model captured the observed surface warming in DJF 1991 -1992 and DJF 1992 over central North America and the observed surface cooling in JJA 1992 over both North America and Eurasia. The model did not capture the observed warming in DJF 1991 -1992 over Eurasia. The simulated SAT anomalies are rather sensitive to the initial conditions and vary with the type of SSTs prescribed in the model. Overall, the simulation that is forced by both the Pinatubo aerosol and the observed SST anomalies best matches the observations. The simulation that is forced only by the SST anomalies well reproduced the observed SAT anomalies over land which can be attributed to the ENSO effect as estimated by SVD analysis.
[48] In the stratosphere the simulated temperature anomalies are not sensitive to the initial conditions and the magnitude of the simulated warming does not depend on the type of prescribed SSTs. The signal of SST anomalies in the stratosphere is rather weak compared to the Pinatubo aerosol forcing. In the troposphere the model captured the observed cooling. The simulated temperature anomalies are rather sensitive to the initial conditions and the type of prescribed SSTs. The signal of SST anomalies is stronger than the signal of the Pinatubo aerosol forcing in the troposphere.
[49] In the lower stratosphere the simulated temperature anomalies are about 1°C-1.5°C larger than observed in the tropics and subtropics in late 1991 and 1992. Part of the discrepancy is explained by the influences of the QBO and ozone depletion. In the tropical lower stratosphere the observed warming by the Pinatubo aerosol was diminished by up to 1°C before August 1992 and enhanced by up to 1°C after August 1992 by the QBO-related temperature changes. For the three years following the Pinatubo eruption, the observed total ozone decreased by 2 -4% in the tropics and more than 10% in the high latitudes in both hemispheres in late winter and early spring times. The 24-layer ST-GCM was run with prescribed zonal-mean percent changes of ozone concentration, which were simulated by two different two-dimensional radiative-chemical transport models. Globally averaged, the simulated ensemblemean temperature anomalies in the lower stratosphere induced by the ozone depletion are about À0.2°C in the first year and about À0.5°C to À1.0°C in the second year after the Pinatubo eruption.
[50] A discrepancy remains between the simulation and the observation, which is not explained by this study. The feedbacks among the QBO, ozone depletion, and atmospheric temperature and circulation are not resolved, and the roles of the oceanic thermal inertial and dynamics are not included.
